Introduction
============

Clear-cell renal cell carcinoma (ccRCC) comprises the majority of malignant tumors in the kidneys ([@b1-ol-0-0-10593]) and inactivation of the von Hippel-Lindau (VHL) gene is the driving force in ccRCC tumorigenesis. The VHL gene is somatically mutated in up to 80% of sporadic ccRCCs and is causative for the familial cancer syndrome VHL disease that predisposes affected patients to hereditary ccRCC ([@b2-ol-0-0-10593]). VHL inactivation results in stabilization of hypoxia-inducible factor (HIF), which activates many downstream hypoxia-driven genes, including vascular endothelial growth factor and other genes involved in angiogenesis ([@b3-ol-0-0-10593]). In addition, there is now a greater appreciation of HIF-independent VHL functions. For instance, VHL loss triggers HIF-independent senescence that is mediated by retinoblastoma protein (Rb) and p400 ([@b4-ol-0-0-10593],[@b5-ol-0-0-10593]). Consistently, senescence occurs in VHL-deficient renal epithelial cells *in vivo* ([@b6-ol-0-0-10593]). The induction of senescence via the inactivation of tumor-suppressor genes has also been shown for *neurofibromin 1* and *PTEN*, and also via the activation of oncogenes such as *RAS* and *BRAF* ([@b7-ol-0-0-10593]--[@b10-ol-0-0-10593]). This mechanism is considered important in order to limit tumor development in mammalian cells ([@b11-ol-0-0-10593]).

Senescence induced by oncogene activation decreases the expression of Lamin-B1 (LMNB1) ([@b12-ol-0-0-10593]), a nuclear intermediate filament protein that plays a vital role in DNA replication, the formation of the mitotic spindle, gene transcription and the maintenance of cell proliferation ([@b13-ol-0-0-10593]). *LMNB1* is an E2F target gene ([@b14-ol-0-0-10593]) and its down regulation during senescence is mediated by Rb. LMNB1 downregulation has been reported to be a key event following senescence induction and is a trigger of local chromatin changes that result in an impact on global gene expression ([@b15-ol-0-0-10593]). In addition, silencing LMNB1 expression decreases proliferation and induces premature senescence in human diploid fibroblasts ([@b12-ol-0-0-10593]). Furthermore, adult-onset autosomal dominant leukodystrophy, a slow progressive neurological disorder characterized by symmetrical widespread myelin loss in the central nervous system, is caused by *LMNB1* duplications resulting in increased gene expression in brain tissue ([@b16-ol-0-0-10593]).

Little is known about LMNB1 in cancer development and progression. However, LMNB1 expression has been shown to be reduced in gastrointestinal tract neoplasms ([@b17-ol-0-0-10593]) and lung cancer ([@b18-ol-0-0-10593]). On the other hand, increased *LMNB1* expression has been observed in prostate ([@b19-ol-0-0-10593]) and liver cancers ([@b20-ol-0-0-10593]), and is associated with a poorer clinical outcome in patients with colon ([@b21-ol-0-0-10593]) and pancreatic cancers ([@b22-ol-0-0-10593]).

Very little is known about *LMNB1* expression in RCC. Therefore, the present study examined the protein expression of LMNB1 in a large, hospital cohort of patients with RCC with long-term follow-up information to determine if LMNB1 may serve as a novel biomarker in RCC.

Materials and methods
=====================

### Patients

Tissue samples from 932 patients with primary RCCs treated at the Department of Urology at the University of Heidelberg (Heidelberg, Germany) between 1987 and 2005 were provided by the Tissue Bank of the National Centre for Tumor Diseases Heidelberg ([Table I](#tI-ol-0-0-10593){ref-type="table"}) and used retrospectively in the present study after approval was obtained from the Ethics Committee of the University of Heidelberg. Further details regarding patient evaluation for clinical follow-up have been described previously ([@b23-ol-0-0-10593]).

### Tissue microarray

A tissue microarray containing 932 primary tumors and the corresponding matched normal tissue samples of the 932 patients was created. The tumors were graded according to the 3-tiered nuclear grading system ([@b24-ol-0-0-10593]) and pathologically staged based on the Tumor-Node-Metastasis classification of 2009 ([@b25-ol-0-0-10593]).

### Immunohistochemistry

Tissues were buffered in 4% formalin overnight in Sakura VIP 2000 (cat. no. 5217031; Sakura Finetek Europe B.V.) at 37°C followed by paraffin-embedding at 60°C. In the next step tissues were cut into 2 µm thick slices using a microtome (Hyrax M55; Carl Zeiss AG). Target retrieval solution (cat. no. K8005; DakoCytomation; Dako; Agilent Technologies, Inc.) was used for antigen retrieval. Briefly, following heat-induced antigen retrieval, which was comprised of initial heating at 94--98°C for 5 min, slides were washed with the kit\'s washing buffer, rehydrated in descending alcohol series with ethanol concentrations ranging from 50--100% and xylene, and blocked with the kit\'s blocking solution (Envision Flex Peroxidase-Blocking Reagent) at room temperature for 5 min. Tissue microarray slides were stained with a polyclonal anti-LMNB1 rabbit antiserum (1:1,000) for 30 min at room temperature (Abcam; cat. no. ab16048). For Ki-67, sections were incubated with Flex monoclonal Mouse anti-human Ki-67 Clone MIB-1 (dilution: ready to use solution; EnVision FLEX; Agilent Technologies, Inc.; cat. no. IR626) at room temperature for 20 min according to the manufacturer\'s protocol.

Staining was performed at room temperature using an automated staining system (Autostainer Plus; Dako; Agilent Technologies, Inc.) in accordance with the manufacturer\'s instructions using the following solutions: Flex Envision (cat. no. 8002); Envision Flex DAB+ Chromogen (cat. no. 20052435), Envision Flex Antibody Diluent (cat. no. K8006), Envision Flex Rabbit (Linker; cat. no. K8019) and Dako Real Hematoxylin (cat. no. S2020). LMNB1 expression was independently scored by light microscopy with magnification up to ×400 by two of the authors who were blinded to tissue annotations and patient outcomes. For the cell line experiments, digital image analysis was performed.

### Cell lines and cell culture experiments

The RCC cell lines, ACHN, 769-P, 786-O and Caki-2 were purchased from American Type Culture Collection. All cell lines were maintained in RPMI-1640 medium (Thermo Fisher Scientific, Inc.) supplemented with 10% fetal calf serum, 1 mM glutamine, 25 mM glucose and 1% penicillin-streptomycin (all Thermo Fisher Scientific, Inc.) and cultured at 37°C in a 5% CO~2~ atmosphere. After recovery from storage in liquid nitrogen, the cells were cultured for no more than 3 months. Senescence was induced using a low dose etoposide (Selleck Chemicals) treatment protocol (769-P cells: 5 µM; ACHN cells: 1 µM; 768-O cells: 2 µM; Caki-2 cells: 20 µM) for 24 h, followed by a 3--5 day recovery phase in normal RPMI culture medium. After this, cell pellets were prepared from exponentially growing cells harvested using accutase (Sigma Aldrich; Merck KGaA; cat. no. A6964). Following centrifugation at 300 × g at 4°C for 5 min, the cells were resuspended, washed in phosphate-buffered saline and fixed in 4% formalin at 37°C for 15 min (Sigma-Aldrich; Merck KGaA). This was followed by another wash step with PBS and then the cells were transferred into 100% alcohol and precipitated with 30% bovine serum albumin (Carl Roth GmbH & Co. KG). For immunostaining followed by digital image analysis, cell lines were additionally fixed in formalin, paraffin embedded and sectioned into 2 µm slices according to standard protocols that were also used for tissue samples as described previously ([@b5-ol-0-0-10593]).

### Digital image analysis

Prior to image analysis, slides were digitalized using the NanoZoomer-Series Digital slide scanner (Hamamatsu Photonics). Digital image analysis was performed using the HALO^®^ platform from Indica Labs with the CytoNuclear v1.4 module as described previously ([@b26-ol-0-0-10593]).

### The Cancer Genome Atlas (TCGA) data

Disease specific data was generated by the TCGA Research Network ([cancergenome.nih.gov/](cancergenome.nih.gov/)) and the cohort used was KIRC-TCGA from 2016-01-28. A self-made R script was utilized to retrieve, process and visualize the relevant data or outcome, respectively.

### Statistical analysis

Survival analysis was conducted for 622 patients with a mean survival time of 72.6 months using the functions coxph and survfit from the R package survival ([cran.r-project.org/web/packages/survival/index.html](cran.r-project.org/web/packages/survival/index.html); version 2.41--3). LMNB1 protein expression was dichotomized utilizing the Charité Cut-off finder functions to provide a significant distinction between the high and low LMNB1 protein expression levels based on survival outcome ([@b27-ol-0-0-10593]). Associations between survival times and LMNB1 expression were firstly assessed by log-rank tests and presented as Kaplan-Meier plots. In order to account for the influence of established prognostic factors, hazard ratios (HRs) and 95% confidence intervals (CIs) were adjusted for patient gender and age, tumor extent, lymph node metastasis, distant metastasis, grade of malignancy, and Eastern Cooperative Oncology Group (ECOG) Performance Status in a multiple Cox proportional hazard regression ([@b28-ol-0-0-10593]). Efron was used as a method for handling tied death times ([@b29-ol-0-0-10593]) in multivariate analysis of the Cox proportional hazard model (semiparametric and estimation of the HR, CI). Statistical tests were performed using R-Statistical Software ([www.rproject.org](www.rproject.org); version 3.4.3) and R-Studio (version 1.1.383; [www.rstudio.com](www.rstudio.com)). All plots were created using the following R-packages ([cran.r-project.org/](cran.r-project.org/)): ggplot2 (version 2.2.1.9000), survminer (version 0.4.1), ggpubr (version 0.1.6) and survival. P≤0.05 was considered to indicate a statistically significant difference.

Results
=======

### Immunohistochemistry

Immunostaining was performed on tissue microarrays containing tumor and the corresponding normal renal tissues from 932 patients with primary RCCs. The present study is focused on 763 cases with ccRCC, the most common kidney cancer subtype. In total, the cancer tissues of 622 ccRCCs were successfully scored for LMNB1 expression by immunohistochemistry. The remaining cases were excluded from further analyses either due to insufficient tumor tissues, poor tissue preservation or missing patient information. [Fig. 1](#f1-ol-0-0-10593){ref-type="fig"} depicts the immunohistochemical LMNB1 expression in tumor cells; LMNB1 was expressed in distal tubuli, and infrequently and less intensely in proximal tubuli.

### Clinical characteristics of the patients

The median time of follow-up was 5.4 years (mean, 6.05 years; maximum, 19.76 years). At the end of the follow-up period, 209 patients had succumbed to RCC; the median follow-up time among these patients was 1.53 years (mean, 2.72 years; maximum, 17.7 years). The clinical and pathological features of the study population are summarized in [Table I](#tI-ol-0-0-10593){ref-type="table"}.

### LMNB1 expression and patient prognosis

Based on the Charité Cut-off finder functions ([@b27-ol-0-0-10593]), 60% positive tumor cells were determined as the cutoff. When tumors were grouped according to LMNB1 expression (\>60%, LMNB1-high; ≤60%, LMNB1-low) univariate survival analysis revealed a decrease in cancer-specific survival (HR, 1.63; 95% CI, 1.11--2.41) in patients harboring tumors with high LMNB1 expression compared to tumors with low/no LMNB1 expression. The corresponding Kaplan-Mayer plots are depicted in [Fig. 2](#f2-ol-0-0-10593){ref-type="fig"}.

### Comparison of LMNB1 expression with clinical and pathological features

No consistent association between LMNB1 expression and differentiation, tumor extent, lymph node metastasis, distant metastasis or patient age was observed ([Fig. 3](#f3-ol-0-0-10593){ref-type="fig"}; [Table SI](#SD1-ol-0-0-10593){ref-type="supplementary-material"}).

### Multivariate analysis of LMNB1 expression and clinical and pathological features

To further validate the results, multivariate analysis was performed using the Cox proportional hazards model. Notably, LMNB1 expression qualified as an independent prognostic marker for cancer-specific survival after adjustments for established prognostic factors (grade of malignancy, tumor extent, lymph node metastasis, distant metastasis, ECOG performance status and gender) in the multiple regression analysis for ccRCC patients (HR, 1.62; 95% CI, 1.1--2.4; [Fig. 4](#f4-ol-0-0-10593){ref-type="fig"}). After adjustment for prognostic factors, LMNB1 expression also remained statistically significant for patients with localized disease (HR, 1.82; 95% CI, 1.09--3.02; [Fig. S1](#SD1-ol-0-0-10593){ref-type="supplementary-material"}).

To further elucidate the relationship between LMNB1 expression and patient prognosis, the present study utilized TCGA data on ccRCC. When tumors were grouped according to LMNB1 mRNA levels (a Z-score \>1.96 indicated upregulation and a Z-Score ≤1.96 and \>-1.96 indicated no regulation when considering that a Z-score of 1.96 presents the approximate value of the 97.5 percentile point of the normal distribution; 95% of the area under a normal curve lies within roughly 1.96 standard deviations of the mean), univariate survival analysis revealed that 77 out of 176 patients (43.75%) with increased LMNB1 mRNA levels were deceased whereas only 83 out of 357 (23.25%) of the patients without elevated mRNA levels were deceased (P≤0.0001); the Kaplan-Meier curves are depicted in [Fig. S2](#SD1-ol-0-0-10593){ref-type="supplementary-material"}.

### LMNB1 is regulated during etoposide-induced senescence

LMNB1 downregulation is known as a senescence effector ([@b15-ol-0-0-10593]). To investigate whether the downregulation of LMNB1 plays a role in cellular senescence in RCC the present study conducted *in-vitro* studies. A total of 4 different RCC cell lines (ACHN, Caki-2, 786-O and 769-P) were subjected to etoposide-induced senescence as described by Nagano *et al* ([@b30-ol-0-0-10593]). As expected, treatment reduced the proliferation rate; however, the effects varied widely between the different cell lines. Notably, a strong reduction in LMNB1 expression was accompanied by a stronger decrease in proliferation in 3 of the 4 cell lines (Caki-2, 786-O and 769-P), and the cell line ACHN, with the lowest effects on LMNB1 expression, also exhibited a reduced effect of etoposide treatment on the proliferation rate ([Fig. 5](#f5-ol-0-0-10593){ref-type="fig"}). ACHN, 786-O and 769-P are ccRCC cell lines. Caki-2 was originally defined as a ccRCC cell line, however, a growing body of evidence has suggested that this cell line may actually be papillary RCC ([@b31-ol-0-0-10593],[@b32-ol-0-0-10593]). This suggests that LMNB1 is functional not only in ccRCC but also in other subtypes of RCC.

Discussion
==========

RCCs are known to be resistant to conventional radio- and chemotherapy, therefore, traditional immunotherapy, such as high-dose interleukin-2 and interferon-α, has been the standard treatment in patients with systemic disease in the past. Currently, targeted antiangiogenic therapies and novel immunotherapy agents, such as checkpoint inhibitors, have become an integral part of the management of metastatic RCC ([@b33-ol-0-0-10593]). However, the development of resistance often occurs and the chance of recovery is marginal. Therefore, new therapeutic targets are urgently needed to develop novel drugs with different mechanisms of action ([@b34-ol-0-0-10593]).

The results of the present study have revealed a high LMNB1 expression in 80% of the analyzed ccRCC tumors, without pre-selecting for a specific tumor or patients parameter. LMNB1 is a senescence effector and triggers widespread changes in gene expression upon down regulation ([@b15-ol-0-0-10593]). In agreement with this biological function, the present study identified high LMNB1 expression as an unfavorable prognostic marker in ccRCC patients. This indicated that the *VHL* loss-induced senescence program ([@b4-ol-0-0-10593]) may be bypassed in RCC development by a currently unknown mechanism, resulting in continuous LMNB1 expression. However, *in vitro* experiments demonstrated that etoposide-induced senescence may be associated with LMNB1 reduction in ccRCC and papillary RCC cell lines. Notably, it appears that there is a link between LMNB1 expression and the cell proliferation rate ([@b5-ol-0-0-10593]). RCCs with high LMNB1 expression predominantly exhibited higher proliferation rates when compared with those with low LMNB1 expression ([Fig. S3](#SD1-ol-0-0-10593){ref-type="supplementary-material"}). This indicated that LMNB1 may be a functional downstream senescence effector in RCC and may serve as a potential predictive biomarker for innovative senescence-based therapeutic approaches in ccRCC.

Therapy-induced senescence represents a novel functional target that may improve cancer therapy ([@b35-ol-0-0-10593]). In recent years, therapeutic approaches such as p53 reactivation, inhibition of c-MYC in p53- or c-MYC-driven tumors, or treatment with cyclin-dependent kinase inhibitors have proven effective by invoking a senescence response ([@b36-ol-0-0-10593]). Zhu *et al* ([@b37-ol-0-0-10593]) reported that the tyrosine kinase inhibitor sunitinib used as a first-line therapeutic agent against metastatic RCC induced cellular senescence in renal cell carcinoma cells and exhibited similar effects *in vivo* following xenograft experiments in nude mice. In addition, immunohistochemical studies demonstrated a senescence-phenotype in tumor tissues from patients with RCC after neoadjuvant sunitinib treatment ([@b37-ol-0-0-10593]). Thus, reinforcing a therapy-induced senescence therapy by adding a novel synthetic compound such as STK899704, which suppresses the proliferation of a broad range of cancer cell types, may offer a novel therapeutic strategy for patients with advanced RCC ([@b38-ol-0-0-10593]).
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![Immunohistochemical staining of Lamin-B1 expression. (A) Strong positive staining for Lamin-B1 was observed in the majority of ccRCC cells. (B) Moderate positivity was observed in a subset of ccRCC cells. (C) Lamin-B1-negative ccRCC cells; positive endothelial cells and lymphocytes can be seen. Scale bars, 50 µm. (D) Parenchyma of the renal cortex-the majority of the cells of the distal convoluted tubule were positive for Lamin-B1 when compared with only single cells with weak positivity in the proximal convoluted tubule. Scale bar, 250 µm. ccRCC, clear cell renal cell carcinoma.](ol-18-03-2654-g00){#f1-ol-0-0-10593}

![Analysis of cancer-specific survival in ccRCCs. (A) Association between survival times and Lamin-B1 expression presented as Kaplan-Meier plots and subset analysis: (B) high-grade vs. low-grade ccRCCs, (C) advanced vs. restricted tumor extent and (D) localized vs. distant disease. ccRCC, clear cell renal cell carcinoma.](ol-18-03-2654-g01){#f2-ol-0-0-10593}

![Relative distribution of Lamin-B1 positive cells in clear cell renal cell carcinoma. The dashed line represents the cut-off value (60%) and comparison of Lamin-B1 expression with clinical and pathological features. N, no; Y, yes.](ol-18-03-2654-g02){#f3-ol-0-0-10593}

![Survival analysis. (A) Univariate and (B) multivariate survival analysis of prognostic factors influencing cancer-specific survival in clear cell renal cell carcinomas represented as forest plots, where the following comparisons have been applied: ([@b1-ol-0-0-10593]) G3 vs. G1/G2; ([@b2-ol-0-0-10593]) pT3/pT4 vs. pT1/pT2; ([@b3-ol-0-0-10593]) pN1/pN2 vs. N0/pN0; ([@b4-ol-0-0-10593]) M1 vs. M0; ([@b5-ol-0-0-10593]) ≥1 vs. 0; ([@b6-ol-0-0-10593]) \>65 vs. ≤65%; ([@b7-ol-0-0-10593]) female vs. male; and ([@b8-ol-0-0-10593]) \>60 % vs. ≤60%. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. ECOG, Eastern Cooperative Oncology Group; CI, confidence interval.](ol-18-03-2654-g03){#f4-ol-0-0-10593}

###### 

Regulation of Lamin-B1 in RCC cell lines upon etoposide treatment. Representative (A and E) Ki-67 and (C and G) Lamin-B1 staining of (A and C) etoposide treated and (E and G) untreated 769-P cells. (B, D, F and H) Corresponding positive cell count markup. Blue indicates negative nuclei; and red indicates positive nuclei. (I and J) Box plots demonstrating the differences in the etoposide response in RCC cell lines. RCC, renal cell carcinoma; Eto, etoposide; Ctrl, control.
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###### 

Clinical and pathological features of the study population (n=622).

  Feature                       Total n, (%)
  ----------------------------- --------------
  Fuhrman grade                 
    1                           170 (27.3)
    2                           345 (55.5)
    3                           107 (17.2)
  Tumor grade                   
    1                           334 (53.7)
    2                           49 (7.9)
    3                           217 (34.9)
    4                           22 (3.5)
  Local lymph node metastasis   
    No                          588 (94.5)
    Yes                         34 (5.5)
  Distant metastasis            
    No                          521 (83.8)
    Yes                         101 (16.2)
  Sex                           
    Female                      249 (40.0)
    Male                        373 (60.0)
  Age at surgery, years         
    ≤65                         353 (56.8)
    \>65                        269 (43.2)
  ECOG                          
    0                           381 (61.3)
    \>0                         241 (38.7)

ECOG, Eastern Cooperative Oncology Group.
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